Although the cellular pathophysiological mechanisms underlying ischemic brain damage remain to be fully clarified, accumulating evidence suggests that an excessive elevation of intracellular Ca 2ϩ in neurons is a primary mechanism by which cells become injured following cerebral ischemia.
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-dependent enzymes. Treatment of ischemic animals with compounds that block Ca 2ϩ entry through Ca 2ϩ -permeable channels has been shown to provide protection against the consequences of ischemia in laboratory animals, [4] [5] [6] but these treatments have not been found suitable for use in humans. [7] [8] [9] Calmodulin is a major Ca 2ϩ -binding protein found mainly in the central nervous system. 10, 11) Since many of the pathways through which Ca 2ϩ acts involve Ca 2ϩ /calmodulin signaling systems, including calmodulin-dependent enzymes, inhibition of calmodulin may be a possible alternative approach towards the treatment and prevention of post-ischemic injury. In fact, it has been reported that Ca 2ϩ -bound calmodulin, which is an active form, is increased following ischemia and regional changes correlate with regions of ischemic neuronal damage. 12) Furthermore, calmodulin antagonists protect cultured neurons from cell death induced by glutamate, an excitatory amino acid, and protect hippocampal CA1 neurons against hypoxia/hypoglycemia in organotypic cultures. 13, 14) DY-9760e (3-[2-[4-(3-chloro-2-methylphenyl)-1-piperazinyl]ethyl]-5,6-dimethoxy-1-(4-imidazolylmethyl)-1H-indazole dihydrochloride 3.5 hydrate) is a calmodulin antagonist that is 2 to 70 times more potent than W-7, a well-known calmodulin antagonist, and can protect neurons against neuronal cell death elicited by Ca 2ϩ overload. [15] [16] [17] This compound ameliorates brain injury that occurs after transient or permanent focal ischemia and microembolization in rats. [18] [19] [20] [21] [22] Although these studies in various rodent models show a hopeful characteristic of DY-9760e, it is subsequently important to assess if it exerts a protective effect in a large animal model of focal cerebral ischemia. Cats, a gyrencephalic species in common with humans, have long been used both in pathophysiological studies for cerebral ischemia and in investigations for the protective efficacy of agents. [23] [24] [25] [26] [27] Therefore, the present study was designed to evaluate the potential acute therapeutic effect of DY-9760e on ischemic injury resulting from permanent middle cerebral artery (MCA) occlusion in cats.
MATERIALS AND METHODS
Animals Twenty-three male Ico: Fec Eur (Tif) cats (IFFA-CREDO, L'arbresle, France), weighing 2.7 to 3.3 kg, were used in this study. The animals were maintained on canned food (CK, Oriental Yeast, Tokyo, Japan), solid food (NK-C, Nihon Nosan, Yokohama, Japan) and tap water, which were given once a day under a constant 12-h dark-light cycle. All experimental procedures were performed in accordance with the in-house guidelines of the Institutional Animal Care and Use Committee of Daiichi Pharmaceutical. All efforts were made to minimize animal suffering and to reduce the number of animals used.
MCA Occlusion Model in Cats Each cat was anesthetized with ether, intubated and immobilized with gallamine triethiodide (1 mg/kg i.v., Flaxedil, May & Baker, Dagenham, England). Anesthesia was maintained with 1.5% halothane in a mixture of 70% nitrous oxide and 30% oxygen until the end of the investigation. All animals were mechanically ventilated with a respirator (SN-480-6, Shinano, Tokyo, Japan) to maintain a constant respiratory status throughout the experimental period. The head of the cat was placed in a stereotaxic frame (SN-1N, Narishige, Tokyo, Japan) and the left MCA was exposed by a transorbital approach with the use of microsurgical techniques. 28) In brief, the left orbit was exenterated, and the orbital roof and optic foramen were removed with a dental drill to expose the dura mater overlying the MCA. Under a surgical microscope (Type M, Konan, Hyougo, Japan), the dura was incised and the MCA was exposed. After dissection of arachnoid from the MCA, the MCA trunk was occluded with an aneurysm clip (Fine Science Tools, British Columbia, Canada).
Measurement of Physiological Parameters
Femoral arteries were cannulated bilaterally to monitor arterial blood pressure (AP-601G and WT-645G, Nihon Kohden, Tokyo, Japan) and obtain arterial blood samples for blood gas determination. Blood gases and pH were monitored just before and at 1 h, 3 h and 6 h after the MCA occlusion by using a blood gas system (278 Blood Gas System, Chiba Corning, Tokyo, Japan). PCO 2 was kept at 33Ϯ5 mmHg by adjusting the stroke volume of the respirator. Body temperature was measured rectally and maintained constant at 37Ϯ1°C with a body temperature controller (ATB-1100, Nihon Kohden, Tokyo, Japan).
Electroencephalogram Recording The electroencephalogram (EEG) was monitored to verify a unilateral reduction in brain electrical activity during occlusion. Screw electrodes were implanted into the skull on the surface of the bilateral middle ectosylvian gyri, where blood is supplied mainly by the MCA, and EEG was recorded with an electroencephalograph (EEG-4414, Nihon Kohden, Tokyo, Japan). To standardize the degree of ischemic insult during the MCA occlusion, animals in which mean ipsilateral EEG amplitude decreased to less than 30% of the preocclusion level immediately after the onset of ischemia and did not recover during the first 5 min of ischemia were used for evaluation. In this study, 5 of 23 cats that did not meet this criterion were excluded from further study: 3 animals did not have a 70% reduction in EEG amplitude after MCA occlusion, and 2 animals recovered EEG amplitude within 5 min after occlusion.
Administration of DY-9760e DY-9760e was synthesized at Daiichi Pharmaceutical (Tokyo, Japan) and dissolved in 50 mM Sörensen buffer (pH 4.5), which was prepared from 50 mM glycine and sodium chloride adjusted for pH with 1 N HCl. The right femoral vein was cannulated to administer DY-9760e. Intravenous infusion of vehicle (50 mM Sörensen buffer, 3 ml/kg/h) or DY-9760e (0.1 or 0.25 mg/kg/h) was initiated 5 min after MCA occlusion via the femoral vein using an infusion pump (STC-531, Terumo, Tokyo, Japan) and continued for 6 h. We have also confirmed that the vehicle has no effect on physiological parameters including blood pressure, blood gasses and hematocrit. 18, 21) Animals were assigned to treatment groups in a random manner.
Evaluation of Infarct Volume Animals were sacrificed after a 6 h-infusion of drug with an excess dose of pentobarbital sodium (Somnopentyl, Kyouritsu Shouji, Tokyo, Japan), and the brain was removed rapidly. The brain was coronally sectioned in nine 4-mm-thick slices with a brain slicer (Muromachi Kikai, Tokyo, Japan). The sections were numbered from 1 to 9 starting with the rostral side. The coordinate of the cross-sectional surface between Sections 7 and 8 corresponds to 1 mm anterior to the interaural line. Each section was incubated in a saline solution containing 2% 2,3,5-triphenyltetrazolium chloride (Wako Pure Chemical Industries, Osaka, Japan) at 37°C for 30 min and then lightly fixed by immersion in 10% formalin neutral buffer solution (pH 7.4, Wako Pure Chemical). The anterior surface of each section was photographed with a digital camera (Camedia C-1400XL, Olympus, Tokyo, Japan). The infarct area on the image of each slice was quantified with an image analyzer (Quantimet-600, Leica, Germany). The infarct volume in each slice was calculated from the area of infarction according to the following equation:
, where V is the infarct volume of a slice (mm 3 ), 4 is the slice thickness (mm), a is the infarct area (mm 2 ), and b is the infarct area of a slice caudal to the slice (mm 2 ). The infarct volume in the cerebral hemisphere, cortex, or striatum, was calculated by summing the sequential slice injury volumes. The analysis of lesion size was carried out under blinded conditions.
Statistical Analysis All data were expressed as mean valuesϮS.D. Statistical analyses were performed by using EXSAS version 6.10 based on SAS release 8.2 (Arm Corp., Osaka, Japan, and SAS Institute Japan Ltd., Tokyo, Japan). Physiological parameters among the three groups were analyzed by two-way ANOVA followed by Dunnett's test. Infarct volume was analyzed by one-way ANOVA with Dunnett's test. Differences with a value of pϽ0.05 were considered statistically significant.
RESULTS

Physiological Parameters and EEG
Appropriate monitoring of physiological parameters is essential to maintain the condition of experimental animals properly and to limit variability in infarct volume. As shown in Table 1 , none of the physiological parameters, including blood gases, pH, mean arterial blood pressure, and rectal temperature, showed significant differences among the groups over the time course of the experiments. MCA occlusion produced immediately a marked decrease in EEG amplitude, reaching less than 30% of the preocclusion level (Fig. 1 ). There were no significant differences in the relative amplitudes before the start of DY9760e treatment among three experimental groups: vehicle, 13.7Ϯ4.3%; 0.1 mg/kg/h, 17.7Ϯ5.3%; 0.25 mg/kg/h, 19.5Ϯ 9.5%. This result implies the reduction in brain activities due to cerebral ischemia and indicates that animals could be ran- Each value represents the meanϮS.D. (n=6 in each group). DY-9760e was infused intravenously starting 5 min after the onset of ischemia and continuing for 6 h. domly divided into three groups on the basis of their relative amplitudes. The relative EEG amplitudes at the end of drug treatment were as follows: vehicle, 22.9Ϯ9.5%; 0.1 mg/kg/h, 31.6Ϯ12.6%; 0.25 mg/kg/h, 42.5Ϯ28.7%. Although statistical analysis showed no significant differences among the three groups, DY-9760e-treated animals had better recovery of EEG than those treated with vehicle. In preliminary works, we have confirmed that this compound has no effect on EEG in the side contralateral to the side of the lesion.
Effect of DY-9760e on Cerebral Infarct Volume The permanent MCA occlusion caused cerebral infarction in the MCA territories, including the entire striatum, where cerebral ischemia is most severe, and a region in the cortex called the penumbra, a treatable region (Fig. 2) . Cats treated with DY-9760e (0.25 mg/kg/h) had less infarction than did the vehicle-treated animals (Fig. 2) . As shown in Fig. 3 , DY-9760e, at a dose of 0.25 mg/kg/h for 6 h, significantly reduced the infarct volume by 57% in the cerebral hemisphere (from 2490Ϯ785 mm 3 in vehicle-treated cats to 1082Ϯ729 mm 3 in DY-9760e-treated cats) and by 58% in the cortex (from 2272Ϯ776 mm 3 in vehicle-treated cats to 948Ϯ726 mm 3 in DY-9760e-treated cats). In contrast, DY-9760e at this dose caused no significant reduction of infarct volume in the striatum, the ischemic core regions. The lower dose of 0.1 mg/kg/h for 6 h failed to reduce the infarct volume in any region. In comparison, in each coronal section, statistically significant decreases in infarction were detected in the Sections 6 and 7 (Fig. 4) . These results suggest that the effective dose for this compound is 0.25 mg/kg/h for 6 h, and its protective effect is evident in the cortex, where the penumbra, a salvageable zone, exists.
DISCUSSION
Stroke is the third leading cause of death in major industrialized countries and also a major cause of long-lasting disability. At present, thrombolytic therapy with recombinant tissue plasminogen activator (rt-PA) is the only medication approved for the treatment of acute ischemic stroke. 29) However, the use of rt-PA is restricted to administration within 3 h after onset of symptoms due to the risk of cerebral hemorrhage. 30) Therefore, there are strong clinical demands for neuroprotective agents that can block neuronal death associated with stroke. 31) We have developed DY-9760e, a calmodulin antagonist, which exerts neuroprotective action against cell death induced by Ca 2ϩ overload 15, 17) and ameliorates brain injury that occurs after cerebral ischemia in rodents. [18] [19] [20] [21] [22] 32, 33) The present study demonstrates that DY9760e reduces the infarct volume in cats with permanent MCA occlusion, and this finding is consistent with previous studies in rats with permanent MCA occlusion, extending the observation into a gyrencephalic species. 20, 21) Focal ischemia models can be categorized mainly into two types: permanent and transient. Although both types of focal ischemia can occur in stroke patients, clinically the majority of strokes do not reperfuse in the first 24 h. 34) Furthermore, the Stroke Therapy Academic Industry Roundtable stated that novel compounds should show efficacy in species larger than rodents. 35) We therefore evaluated the effect of DY9760e on brain injury by using a cat model with permanent MCA occlusion. Treatment with DY-9760e, when administered at the rate of 0.25 mg/kg/h, resulted in a significant reduction in the infarct volume without affecting any physiological parameters. The reduction was pronounced in the cortex, where the penumbra exists, but not in the striatum. Previous evidence that during ischemia, the striatum has the most severe reduction in blood flow followed by rapid cell death may explain why DY-9760e failed to rescue the striatum from ischemic damage. [36] [37] [38] [39] It is known that the degree of EEG amplitude reduction following ischemic insult is associated with a significant reduction in cerebral blood flow (CBF). 40) In addition, there is evidence to suggest a close correlation between the extent of brain injury and EEG changes in focal ischemia models. 41, 42) We also observed a pronounced decrease in EEG immediately after MCA occlusion, resulting from the reduction in brain activities due to the cerebral ischemia. Interestingly, animals receiving DY-9760e tended to have better recovery of EEG than those treated with vehicle. This result supports the notion that DY-9760e exerts a neuroprotective effect against cerebral ischemia. Considering the fact that DY-9760e does not alter CBF following MCA occlusion in rats, 21) however, its neuroprotection may be mediated through mechanisms other than the improvement of CBF. Indeed, DY-9760e can rescue neurons from cell death elicited by cell-toxic stimuli that mimic cellular events observed in cerebral ischemia. 15, 17) In addition, it has been shown that trifluoperazine, a calmodulin antagonist that is structurally different from DY-9760e, attenuates brain injury after transient MCA occlusion without improving CBF. 43) Taken together, these results indicate that the neuroprotection demonstrated in animal models may be due to a direct action of DY-9760e in the brain parenchyma.
It is widely accepted that an excessive elevation of intracellular Ca 2ϩ concentration plays a major role in ischemic cell injury in neurons. [1] [2] [3] The elevated intracellular Ca 2ϩ , even that by any route, can bind to Ca 2ϩ -binding proteins, including calmodulin. There is evidence that calmodulin plays a critical role in ischemic brain injury: (1) a persistent increase of Ca 2ϩ -bound calmodulin, which is an active form, after ischemic insults; (2) significant up-regulation of calmodulin gene expression in the CA1 pyramidal cell layer after cerebral ischemia; and (3) protection by calmodulin antagonists against hypoxic/hypoglycemia in organotypic hippocampal cultures. 12, 14, 44) Furthermore, there are reports that cells expressing PEP-19, a brain-specific negative regulator of calmodulin, or a mutant calmodulin with Ca 2ϩ -binding defects are resistant to apoptotic stimuli. 45, 46) DY-9760e rescues cultured neurons from a wide variety of cell-toxic stimuli that increase intracellular Ca 2ϩ , including excitotoxicity, voltage-gated channel opening, Ca 2ϩ ionophore, and inhibition of endoplasmic reticulum Ca 2ϩ -ATPase. 15, 17) DY-9760e is also capable of reducing the ischemic infarct volume when given up to 3 h after the onset of permanent MCA occlusion in rats. 20) Given a previous report showing that the Ca 2ϩ -bound calmodulin complex reaches maximal levels 4 h following cerebral ischemia, it is feasible that the therapeutic time window for DY-9760e is 3 h. 12) Taken together, it is plausible that the amelioration of ischemic brain injury with this drug is mediated by a calmodulin antagonistic action in the brain. Further studies are needed to evaluate the molecular mechanism by which this compound exerts neuroprotective functions.
In conclusion, DY-9760e reduces the cerebral infarct volume in cats with permanent MCA occlusion. Therefore, drugs that inhibit aberrant activation of calmodulin may provide therapeutic value in the treatment of acute stroke.
